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1  Introduction 

Background 

In  recent  years,  a  number  of  algorithms  using  new  nonlinear  control  ideas  have 
been  applied  to  the  induction  motor  control  problem.  Many  of  these  algorithms 
allow  the  user  to  control  the  torque,  speed,  or  position  response  of  a  closed  loop 
servo  quite  precisely,  but  such  methods  require  precise  knowledge  of  motor  pa¬ 
rameters  and  a  great  deal  of  computational  power.  For  many  applications,  the 
incremental  improvement  in  transient  torque,  speed,  or  position  response  does 
not  justify  the  additional  computational  requirements  or  a  complicated  timing 
and  commissioning  process.  A  better  solution  would  be  to  improve  the  utility  of 
existing  algorithms  that  may  normally  exhibit  lower  performance,  but  that  can 
be  extended  easily. 

One  such  extension  involves  the  use  of  the  DC  link  current  as  a  control  variable 
in  various  motor  control  algorithms.  This  work  examined  the  use  of  such  a  vari¬ 
able  as  an  enhancement  for  scalar  and  vector  control  algorithms  for  the  induc¬ 
tion  motor.  Further,  some  of  the  effects  of  such  a  control  on  the  operation  of  an 
electric  vehicle  were  also  presented  and  discussed. 


Objective 

The  objective  of  this  research  was  to  examine  the  use  of  the  DC  link  current  as  a 
control  variable  in  various  motor  control  algorithms  as  an  enhancement  for  sca¬ 
lar  and  vector  control  algorithms. 


Approach 

This  conceptual  study  began  with  a  literature  search  into  the  area  of  non-linear 
control.  A  mathematical  model  was  developed  and  applied  to  a  simulation  study 
involving  a  solar  vehicle  drive  system. 
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Mode  of  Technology  Transfer 

It  is  also  anticipated  that  the  results  of  this  work  will  be  made  publicly  available 
through  CERL’s  world  wide  web  (WWW)  page  at  URL: 


http://www.cecer.Army.mil 
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2  Control  Algorithms 


Eq  1  gives  a  mathematical  model  describing  the  operation  the  induction  motor  is 
given  in.  The  motor  is  represented  by  a  fifth  order,  nonlinear  system  with  pa¬ 
rameters  such  as  inductances  and  resistances.  For  the  purposes  of  this  research, 
the  model  was  taken  to  be  representative  of  motor  operation  over  the  full  range 
of  interest.  This  assumes  that  nonlinear  phenomena  such  as  magnetic  satura¬ 
tion  and  the  time  dependence  of  certain  parameters  are  not  included.  Such  as¬ 
sumptions  are  conventional  in  motor  control  design.  The  motor  state  variables 
include  the  stator  currents,  rotor  magnetic  fluxes,  and  rotor  speed.  The  stator 
current  and  rotor  flux  variables  are  represented  in  a  dqO  reference  frame  as  per 
Park’s  transformation  (Krause  1986).  The  motor  input  is  the  two-dimensional 
stator  voltage  variable  (vds,  vqs). 


M 


rr 


M 


Tl  p  (Or 


Xqr  + 


— ids  -  r  ids  +  O)  iqs  + - r  Xdr  + 

dt  cr  Li  <7  L, 

d  .  _ .  M rip a>r  „  ±^rr,  ^  vqs 

Iqs  ^  IdsY  Iqs  /idr  '  p  Aqr 

at  ~  T  ~  r 


Vds 


d  .  M  rr  .  rr 


<7  Lr  <7  Lr 

ids  Xdr  Tip  (Or)  Xqr 


,  '  2-dr  ~ 

dt  Lr  Lr 

d  f i  _  M  rr  .  / , ,  |  ,  Yr  ^ 

“ Xqr  “  iqs(  tit  rip  (Or)  Xdr  ”  Xqr 


L 

d  _  3  M  np 

—  - 

dt  2  J  Lr 


Lr 
tTi 

J 

M'rr  +  Lirs 


( 2-dr  i qs  2-qr  ids)  T 

rJ 


(7  Lr 

LsLrM2 

Lr 


[Eq  1] 


Scalar  Control 

The  simplest  method  for  controlling  an  induction  motor  is  to  exploit  its  steady- 
state  characteristic,  which  exhibits  a  near-linear  relationship  between  the  elec¬ 
trical  torque  and  slip  frequency  around  the  synchronous  frequency.  A  controller 
can  excite  the  stator  with  a  sinusoidal  waveform  of  constant  frequency  and  con- 
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stant  magnitude,  controlling  each  to  match  a  dynamically  changing  slip  fre¬ 
quency  as  required.  The  magnitude  of  the  applied  voltage  should  be  sufficient  to 
maintain  the  rated  flux  magnitude  throughout  the  rotor.  Eq  2  gives  the  equa¬ 
tions  for  a  simple  scalar  controller.  For  this  controller,  gain  Constants  kp  and  kt 
control  the  dynamics  of  convergence  and  should  be  set  to  satisfy  design  charac¬ 
teristics.  Besides  the  relationships  delineated  in  Eq  2,  several  of  these  variables 
must  be  limited  for  the  controller  to  have  good  characteristics.  For  example,  the 
voltage  magnitude  should  have  both  a  minimum  and  a  maximum  limit  to 
ensure  that  it  has  enough  boost  at  low  frequencies,  and  that  it  reflects  the  limits 
of  the  DC  voltage  bus  at  high  frequencies.  Also,  performance  can  be  improved 
slightly  with  additional  feedback;  a  controller  can  be  augmented  to  compensate 
for  stator  resistive  loss. 


0) 

err 

-0)r 

dx 

<»err 

dt  ~ 

0)e  = 

COri 

■  kp“>err 

dd 

dt  " 

V  = 

mag 

^  rated®  e 

v*  = 

V 

mag 

cos(0) 

v*  = 

^ mag 

sin($) 

Field-Oriented  Control 

The  best  known  of  the  so-called  vector  control  methods,  field-oriented  control 
(FOC)  represents  an  algorithm  that  asymptotically  linearizes  the  flux-charging 
and  torque-producing  mechanisms  for  motor  control.  Blaschke  (1972)  used  the 
transformation  shown  in  Eq  3: 


p=  tan' 


(L 


V 

cos  p 

sin  p 

V 

.V 

-sin  p 

cos  p 

V 

cos  p 

sin  p 

V 

.v 

-sin  p 

cos  p 

.V 

[Eq  3] 
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to  rearrange  Eq  1  into  a  set  of  asymptotically  linear  equations,  as  shown  in  Eq  4. 
d  Ar  _  rr  .  ,Mrr. 

— - A  r  + - id 

dt  Lr  Lr 

did  _  1  ,M2 rr  ^  M rr  .  ^  ,  j.  M rr  ,2 ^  Vd 

(  •,  ^~Xs)ld'  2  Ar  tip  (Orlq  lq 

dt  cr  Lr  <JL2r  Lr  Ar 


d iq  _  1  /M2 rr  \.  M n 

7  (  2  f*s)lq 

dt  (7  Lr  cr  L, 

d  (or  _  3  M  np  A  .  Ti 
dt  2  J Lr  Arh  J 
dp  _  _j_  rr  M  iq 

— —  np6)r+ - 

dt  Lr  Ar 


P  A  .  .  .  ,  Vq 

A.r  COr  Yl  p  CO  rid  laid* 

r  LrAr  CT 


[Eq  4] 


The  transformation  in  Eq  3  represents  variables  that  are  referenced  to  a  refer¬ 
ence  frame  attached  to  the  rotor  flux  vector.  The  new  system  form  in  Eq  4  ex¬ 
hibits  asymptotic  decoupling.  If  id  is  allowed  to  come  to  steady  state,  the  flux  will 
become  constant,  and  the  pair  of  equations  in  ( ig ,  co.)  becomes  separate  from  the 
pair  in  ( id ,  Ar). 

The  nonlinearities  in  Eq  4  are  canceled  out  with  feedback,  as  follows.  We  can 
define  new  inputs  uspeed  and  unux  such  that: 


Vd—&( U flux  ftp  COr  iq - ldJ±) 

Lr  Ar 


Mnp  ,  ,Mr,  id  iq 


— tt speed  Cl  p  COr  id  COr  Ar 


Lr  Ar 


With  this  feedback  and  the  rotor  time  constant  t.  =  Lr  /  Rd  the  model  in  Eq  4  is 
transformed  into  a  form  similar  to  that  of  a  separately  excited  DC  motor,  as  in 
Eq  6.  The  field  current  in  a  DC  motor  is  analogous  to  the  current  id,  and  the  ar¬ 
mature  current  is  analogous  to  iq. 

d cor  _  3  npM  .  Jj_ 

dt  2  J  Lr  Arlq  J 


j  riq  +  Uspeed 
at 

^r=-<  A'+mij 

dt  Tr 

did  _  .  , 

~j - 7ld+ Ar  +  Uflu; 

dt  Tr 

dp  _  iq 

—  ~nPC0r  +  —— 
dt  X r  Ar 


[Eq  6] 
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FOC  then  represents  the  general  technique  of  using  Eq  6  as  the  basis  for  induc¬ 
tion  motor  control.  This  has  been  the  topic  of  hundreds  of  papers  in  AC  motor 
control.  Various  FOC  approaches  have  been  implemented  in  commercial  prod¬ 
ucts. 


Bus  Current  Control 

Although  FOC  is  well  known  and  widely  applied,  it  has  fundamental  shortcom¬ 
ings  that  motivate  alternatives.  First,  this  nonlinear  feedback  compensation  ap¬ 
proach  requires  accurate  values  for  the  various  motor  parameters.  The  perform¬ 
ance  of  FOC  methods  is  sensitive  to  parameter  error  (DeDoncker  1994),  and  a 
detailed  commissioning  and  tuning  process  is  necessary  to  set  up  a  system.  Pa¬ 
rameters  such  as  rotor  resistance,  which  vary  with  temperature  and  that  cannot 
be  measured  directly,  make  the  tuning  process  difficult.  A  given  controller,  then, 
is  uniquely  tuned  for  a  single  motor,  and  the  process  starts  over  if  a  new  motor  is 
substituted. 

FOC  methods  also  require  knowledge  of  certain  indirect  state  variables,  notably 
the  rotor  flux  magnitude  and  position.  Magnetic  sensors  can  be  used  to  provide 
approximate  values.  More  commonly,  an  estimator  is  used  to  compute  values  for 
Ar  and  p.  The  most  common  estimators  require  a  rotor  position  sensor,  and  give 
rise  to  indirect  FOC  methods. 

In  a  wide  range  of  applications,  the  dynamic  capabilities  of  FOC  do  not  neces¬ 
sarily  justify  its  limitations.  Many  standard  motor  loads  such  as  fans,  pumps, 
mixers,  simple  conveyors,  and  transportation  drives  can  benefit  from  good  con¬ 
trol,  but  have  modest  dynamic  performance  specifications.  In  many  of  these 
cases,  motor  interchangeability  would  be  a  strong  advantage.  For  these  and 
many  other  applications,  extensions  of  scalar  controls  are  of  interest. 

In  bus  current  control,  we  take  advantage  of  the  structure  of  a  conventional  vari¬ 
able-frequency  AC  drive.  Such  a  system  rectifies  an  incoming  AC  line  to  provide 
a  filtered  DC  bus.  The  DC  bus  is  used  to  supply  an  inverter,  which  produces  the 
desired  AC  output.  The  DC  bus  acts  as  the  direct  energy  link  between  the  AC 
input  and  the  motor,  and  information  measured  at  the  bus  can  be  used  for  con¬ 
trol.  Bus  current  control  is  an  approach  in  which  the  average  current  drawn 
from  the  DC  bus  by  the  inverter  is  sensed  and  used  for  feedback  control.  Since 
this  current  is  the  ratio  of  inverter  input  power  to  bus  voltage,  and  since  bus 
voltage  is  nearly  constant  (determined  by  the  input  line),  the  DC  bus  current 
conveys  information  about  load  power  consumption.  If  the  power  lost  in  the 
inverter  and  motor  were  arbitrarily  low,  then  DC  bus  current  would  reflect  the 
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load  power.  Thus  DC  bus  current  acts  as  an  estimate  of  load  power,  and  its  ap¬ 
plication  in  a  feedback  controller  is  intended  to  be  equivalent  to  load  power  con¬ 
trol. 
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3  Analysis  of  Bus  Current  Control 


The  properties  of  bus  current  control  become  more  apparent  when  the  rotor  flux 
reference  frame  transformation  is  applied  to  a  system.  First,  it  is  instructive  to 
relate  the  bus  current  to  the  motor  state  variables  in  Eq  1  and  Eq  4.  Several  as¬ 
sumptions  help  clarify  the  relationships.  The  voltage  bus  can  be  taken  as  a  con¬ 
stant  Vbus  —  quite  accurate  when  the  input  is  a  fixed  (stiff)  AC  line,  and  still  use¬ 
ful  if  a  battery  source  serves  to  generate  the  bus.  We  also  assume  that  around 
an  operating  point,  we  can  relate  the  input  and  output  electrical  power,  as  in 
Eq  7: 


p  =tip.  iEci7J 

out  lift 

such  that  r|  acts  as  an  efficiency  parameter.  For  relative  notational  simplicity, 
also  make  the  symbolic  substitutions: 


a  = 

b  = 


3  Mnp 
2  JLr 
_aJ_ 


[Eq  8] 


Here  the  DC  bus  current  can  be  related  to  the  FOC  state  variables  as  in  Eq  9: 

[Eq  9] 

This  confirms  that,  under  these  assumptions,  Ibus  is  indeed  proportional  to  the 
output  load  power  Tecor,  where  T  is  the  electrically  produced  torque. 

To  analyze  a  closed-loop  system  in  which  Ibut  is  used  for  feedback,  it  can  be  in¬ 
structive  to  first  consider  the  case  where  the  rotational  inertia  is  very  large  and 
the  flux  loop  dynamics  are  well  controlled.  In  normal  operation,  the  flux  loop 
control  typically  brings  the  flux  magnitude  up  to  its  rated  value  before  the  torque 
loop  is  actuated.  Once  this  has  happened,  flux  magnitude  is  just: 

K  =  K„eJ  ^10] 

and  no  new  information  can  be  obtained  with  a  measurement.  With  high  inertia, 
the  rotational  speed  will  remain  constant  and  power  changes  will  be  reflected 


ERDC/CERL-TR-00-1 


13 


solely  in  the  torque  of  electrical  origin,  Te.  Thus,  the  dynamics  of  the  bus  current 
are: 


dl, 


bus 


dt 


,  .  dil 

=  bkmKia  — 


[Eq  11} 


In  this  case,  bus  current  feedback  can  be  implemented  with  a  proportional- 
integral  (PI)  loop,  with  x,  as  the  integrator  state  variable: 

I  -I 

l™s  Jbm  [£q  12] 

“speed  =kp(lref  -  7te)+  kpC, 


With  the  feedback  in  Eq  2  applied  to  the  system  described  in  Eq  6,  full  control 
over  the  placement  of  poles  and  zeros  can  be  achieved  according  to  the  system 
transfer  function: 

hJs)  _  skP +  */  [Eq  13] 

dref(s)  s2  +  (y  +  +  k, 


The  above  analysis  can  largely  be  repeated  for  the  case  where  high  inertia  J  no 
longer  restricts  the  rotational  speed  .  Here,  both  dynamics  must  be  taken  into 
account.  A  closed  loop  transfer  function  can  still  be  found  by  linearizing  the  sys¬ 
tem  about  a  nominal  operating  point.  The  linearization  is  necessary  because  the 
system  is  no  longer  linear  when  both  speed  and  torque  changes  are  taken  into 
account: 


dhus  »  A2 -2  j 

^  ~  rlq  bus 


k  k  (  \ 

+  k20)r  +  7  I  busy  ref  ~  has)  +  KXI 


[Eq  14] 


In  Eq  14,  the  constants  k0,  k0,  and  k0  represent  the  load  torque  coefficients  as  de¬ 
fined  by: 

T,  =  kQ  +  kxcor  +  k2a2  [Eq  15j 

K  *;  k'2]±r'[k0  kx  k2] 

The  closed  loop  system  can  be  shown  to  converge  through  examination  of  the 
linearized  system.  When  only  the  speed  (and  torque)  loop  is  considered,  the 
closed  loop  system  is  shown  in  Eq  16.  This  equation  shows  that  about  an  oper¬ 
ating  point,  the  system  dynamics  can  be  described  by  a  linear  dynamic  equation, 
so  conventional  linear  design  techniques  can  be  applied: 


14 


ERDC/CERL-TR-00-1 


dco  ~  ^  ^ 

-^L=  a\riq-k](or-2k2cor0(or 

cK,  ~  ~ 

—  =  /  -  / 

lref 

-f=  -H  +  ^(4/-L)+^/ 


[Eq  16] 
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4  Simulation  Studies 

Figure  1  shows  a  SIMULINK®  block  diagram  representing  a  DC  bus  current  con¬ 
troller  applied  to  a  speed-controlled  induction  motor.  In  this  simulation,  a  stan¬ 
dard  slip  controller  (a  type  of  closed-loop  scalar  control)  is  augmented  with  cur¬ 
rent  feedback.  The  bus  current  Idc  is  calculated  from  the  motor  voltages  and 
currents  as  in  Eq  17.  The  power  signal  is  also  filtered  to  mimic  a  sensor  delay  as 
well  as  prevent  an  algebraic  loop  within  the  simulation.  This  simulation  uses  a 
100  V  DC  bus  as  its  voltage  source. 


Figure  1.  DC  bus  current  loop  for  a  scalar  controller. 


Figure  2  shows  a  block  diagram  of  closed-loop  bus  current  control. 

Pin  =  \{vJds  +  vj>  hus  =  R,/vbus 


[Eq  17] 
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Figure  2.  Bus  current  controller. 

Figures  3  and  4  show  the  results  from  the  current  loop  controller.  In  the  simula¬ 
tion,  a  second-order  load  torque  with  a  position-dependent  disturbance  compo¬ 
nent  was  applied  after  one  second  had  elapsed.  The  current  loop  controller  is 
able  to  regulate  the  bus  current  to  within  a  few  milliamps  in  this  simulation. 
Furthermore,  even  in  the  presence  of  a  fairly  large  load  torque  perturbation,  the 
rotor  speed  is  relatively  constant.  Figure  4  emphasizes  this  by  expanding  the 
speed  error  at  about  10  s  after  the  start  of  the  simulation. 
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Steady  State  Response  of  Current  Controller  to  Sinusoidal  Load  Torque  Perturbation 


Figure  4.  Steady-state  response  to  load  torque  perturbation, 
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5  Implementation 


An  example  of  a  system  where  DC  current  control  can  greatly  improve  the  per¬ 
formance  of  a  motor  controller  can  be  found  in  traction  systems  for  electric  vehi¬ 
cles.  Figure  5  shows  the  electrical  system  for  a  solar-powered  electric  vehicle. 
This  particular  vehicle  had  a  speed-controlled  brushless  DC  motor  for  its  main 
drive  motor.  Bus  current  feedback  was  used  for  an  outer  loop  to  make  the  car 
easier  to  drive  by  transforming  the  pedal  to  something  more  closely  approxi¬ 
mating  a  power  controller.  The  plot  shown  in  Figure  6  resulted  from  a  simple 
speed  control  algorithm  applied  to  a  speed  controller  for  the  drive  motor  of  the 
solar  car.  Although  the  speed  was  held  at  a  constant  50  mph,  the  power  load 
varied  tremendously  as  the  car  completed  a  lap  around  a  closed  track.  The 
variations  in  power  result  from  the  variations  in  wind  speed,  slight  changes  in 
grade,  and  small  accelerations  that  result  from  speed  controller  loop  actions. 

The  plot  shown  in  Figure  7  comes  from  a  40  mph  on-road  test  with  a  bus  current 
control  loop  around  a  speed-controlled  motor.  Although  Figures  6  and  7  result 
from  different  speeds  and  power  levels,  the  variation  in  power  levels  is  instruc¬ 
tive  about  the  differences  between  the  control  methods.  The  DC  bus  current  con¬ 
troller  consistently  regulates  the  power  level  to  within  ±3  percent  of  nominal, 
while  such  regulation  is  clearly  not  present  in  the  pure  speed  controller. 


Figure  5.  Solar  electric  vehicle  drive  system. 


The  results  shown  in  Figure  7  represent  a  substantial  efficiency  improvement 
compared  to  those  in  Figure  6.  Low  current  variation  in  general  helps  to  reduce 
motor  losses.  The  Figure  7  results  are  representative  of  those  that  can  be 
achieved  with  FOC  in  a  traction  application  —  in  a  system  that  requires  no 
tuning  and  in  which  the  motor  is  fully  interchangeable. 
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6  Conclusion 


This  work  has  given  key  results  from  a  U.S.  Army  Construction  Engineering  Re¬ 
search  Laboratory  (CERL)  funded  program  on  induction  motor  active  control, 
specifically,  by  presenting  a  type  of  feedback  for  simple  motor  controllers.  The 
DC  bus  current,  when  used  as  a  feedback  variable,  can  effectively  transform  a 
speed  controlled  system  to  a  power  controlled  system.  In  applications  with  high 
inertial  loads,  the  method  produces  results  similar  to  that  of  a  torque  controlled 
system  (previously  achieved  only  with  FOC).  Bus  current  feedback  requires  very 
little  additional  computation  over  scalar  control  if  performed  digitally,  and  can 
be  implemented  quite  simply  in  an  analog  circuit.  It  has  proved  quite  useful  in 
an  electric  vehicle  application,  and  should  be  considered  for  similar  systems 
driven  by  a  variable  unknown  load  torque.  It  is  especially  valuable  when  tuning 
sensitivity  must  be  eliminated,  or  when  motor  interchangeability  is  desired. 
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